An analytical method, based on separation with gas chromatography (GC) and detection with optical fiber (OF), was used for the separation, detection and quantification of benzene, toluene, ethylbenzene, p-xylene, m-xylene and o-xylene. The use of OF as a detector is based on the variations of the reflected optical power detected when the aromatic compounds eluted from the GC column are sorbed in a thin polymeric film on a single-mode OF. General figures of merit, such as the analytical time, analytical error and analytical performance of GC-OF were similar to those of the classical analytical methods, such as a gas chromatography-flame ionization detector (GC-FID). However, the developed GC-OF method constitutes a much less expensive alternative for the speciation of aromatic hydrocarbons compounds, with high accuracy, and being most suitable for actual monitoring work on confined environments.
Introduction
The monitoring of aromatic hydrocarbons, such as benzene, toluene and xylene, in confined industrial environments is extremely important, since these compounds are known to be hazardous to human health. 1, 2 Even at trace amounts, these compounds have a high potential hazard to human health due to their carcinogenic nature.
The National Institute for Occupational Safety and Health (NIOSH) 3 has set very low exposure limits for these compounds, namely 3.19 mg/m 3 for benzene, 3 .77 mg/m 3 for toluene and 4.34 mg/m 3 for ethylbenzene, p-xylene, m-xylene and o-xylene and has recommended Method 1501 as an analytical method based on the use of GC-FID.
Wu et al. 4 have used gas chromatography-mass spectrometry (GC-MS) for the analysis of volatile organic compounds (VOCs), including benzene, toluene and xylenes in industrial air, namely in semiconductor foundries. Lately, several research groups [5] [6] [7] [8] [9] [10] [11] [12] [13] focused their attention on optical fiber sensors as a tool for monitoring the concentration of VOCs. Bruckner and Synovec 14 have developed an annular column chromatographic optical-fiber sensor for the separation and detection of methane, benzene, butanone and chlorobenzene in 6 min. The reported device combines the principles of chromatographic separation and optical-fiber detection; however no effective separation of the compounds has been achieved. Additionally, no practical application or further development of this methodology has ever been reported either to actual field samples or to the effective monitoring of aromatic hydrocarbons in confined environments. In fact, optical fibers show excellent properties for analytical purposes, acting as a detector, since their light-guide ability is related to the physical nature of the fiber core and the surrounding cladding. The detection principle of the developed analyzer reported in this work is based on the fact that the energy of the light guided through the optical fiber depends upon the difference between the refractive index of the core and the cladding of the optical fiber. When, the analyte absorbs into the specific porous silica cladding, its refractive index changes according to the level of the analyte concentration, leading to a variation of the reflected optical power. 7, 15 This paper presents an analytical methodology based on the application of GC-OF for the speciation of aromatic hydrocarbons; the results were compared with those obtained by the GC-FID methodology accordingly to Method 1501 of NIOSH.
Experimental
Analytical details and set up of the experimental apparatus Figure 1 shows the experimental apparatus used for developing the GC-OF method. The GC component is constituted by a capillary column (fused silica-Supelcowax, 30 m ¥ 0.32 mm i.d. ¥ 1.0 mm, 100% PEG, Cat No. 24211, Supelco, Spain) connected to the injection port of the GC and to the analytical tube (AT) of the OF component. The operation conditions for the GC were: the temperature of the injector (I) was kept at 250˚C during the analysis; the carrier gas was helium at a constant flow of 2.6 mL min -1 . The column temperature starts at 40˚C (10 min), and rises up to 230˚C with a program rate of 10˚C min -1 . The OF component is constituted by a single-mode optical-fiber pigtail, with core and cladding diameters of 9 and 125 mm, respectively. A directional coupler (AO) in the form of Y was used. The optical path cord was uncladded and cleaved with a Cleaver V6 (from Future Instrument) precision fiber cleaver on a length of 25.0 mm. A thin polymeric film of dimethylpolysiloxane (DMPSV, Sigma Aldrich) was deposited, by a spray technique, in this uncladded optical fiber section, resulting in the sensitive component of the OF detector. The OF was then cured at 70˚C for 24 h. After film deposition and curing, this sensitized optical fiber section was place inside a 7.20 cm long glass tube with a narrowed (NR) region of a few millimeters long (analytical tube). The analytical tube was kept at 25˚C, since the analytical signal generation depends on the diffusion of the vapor molecules onto the porous silica film, modifying its refractive index, and consequently the reflected light power. High temperatures at the analytical tube could promote a small contact time and a low adsorption distribution of the vapor analyte onto the optical surface, thus affecting the analyzer sensitivity. The OF component is further constituted by an optical source (laser diode (L) from Oz Optics, with the wavelength set at 1550 nm) to generate the interrogating signal and a photodetector (F) also from Oz Optics to measure the intensity modulated signal. It is important to highlight that the analytical signal is the result of the interaction between several physical and chemical factors. Firstly, the analytical signal depends on the waveguide, sensitive cladding and analyte proprieties. Secondly, it depends on the molecular interactions that occur between the analyte molecules and the polymeric film (sensitive cladding) with consequent changes in the reflected optical power. In summary, the exposure of siloxane film to aromatic compounds vapors inside the analytical tube causes a change in its refractive index, leading to a change of the reflected optical power (analytical signal).
The operation mode of the laser frequency was CW (continuous waveform). The choice of a wavelength of 1550 nm has been based on an observed increase in the reflected optical power of approximately 2 dB when increasing the wavelengths from 1310 to 1550 nm during toluene detection. These results are in a good agreement with a study of Bariáin et al., 5 regarding the response of an optical-fiber sensor for the measurements of organic compounds at three different working wavelengths.
The GC-FID methodology recommended in Method 1501 by NIOSH was implemented in a Gow-Mac Series 600 with a capillary column (fused silica-Supelcowax; 30 m ¥ 0.32 mm i.d. ¥ 1.0 mm; 100% PEG; Cat No. 24211; Supelco, Spain). It was used in the same temperature program as for GC-OF, and the detector (FID) temperature was set at 300˚C.
Preparation of calibrants for determination of aromatic hydrocarbons
An aromatic volatiles standard mix solution of benzene, toluene, ethylbenzene, p-xylene, m-xylene and o-xylene, 100 mg/mL of each compound in methanol, was of analytical grade (Supelco Cat No. 47504).
Sampling of aromatic hydrocarbons at a solvent industry
Sampling took place in a Portuguese solvent industry, performed according to the NIOSH 1501 Method 3 using coconut-shell charcoal; 100 mg/50 mg (Supelco Cat No. 20267-U). The sampling flow rate was 0.2 L/min, with a total sampling time and volume of 25 min and 5 L, respectively. Sample desorption was performed while adding 1 mL of carbon disulfide (CS2) to each vial and allowed to stand 30 min with agitation.
Results and Discussion
The aromatic hydrocarbons under study showed both a different retention time and detection selectivity, conferring an obvious and competitive analytical advantage to the proposed analyzer. Figure 2 shows the optical-power decrease and the retention time (RT) obtained with the GC-OF detector for a mixture of benzene (RT = 181 s), toluene (RT = 355 s), ethylbenzene (RT = 542 s), p-xylene (RT = 632 s), m-xylene (RT = 679 s) and oxylene (RT = 781 s). The retention times obtained in the GC-FID for the same standard solution were 210 s for benzene, 373 s for toluene, 601 s for ethylbenzene, 649 s for p-xylene, 667 s for m-xylene and 754 s for o-xylene. It can be observed that both the individual and total retention times were approximately the same for both methods, since the same chromatographic conditions were used for both methods, and the solvent (methanol) did not show any interferences in the chromatographic process, since it produces a peak at a very low analytical time (at around 20 s).
It can be observed in Fig. 2 that changes of up to 16 dB in the reflected optical power were detected, indicating the suitability of the developed method for the detection of aromatic hydrocarbons. From the results shown in Fig. 2 , it is also important to highlight that the injected mixture was successful and completely separated into its components, with an analytical performance comparable to the GC-FID methodology. Figure 3 shows calibration curves obtained with the GC-OF method for five standard mixtures of aromatic hydrocarbons, injected in appropriate amounts. As also shown in Fig. 3 , the proposed method shows different sensitivities (slope of the calibration curves) for the six aromatic hydrocarbon analyzed, increasing in the following order: benzene < toluene < ethylbenzene < p-xylene < m-xylene < o-xylene. This increase follows the same order as the increase in terms of the boiling temperature in ˚C (80.1 for benzene < 110.6 for toluene < 136.2 for ethylbenzene < 138.4 for p-xylene < 139.1 for m-xylene < 144.4 for o-xylene) and a decrease of the vapor pressure in mmHg at 25˚C (95.2 for benzene > 28.4 for toluene > 9.6 for ethylbenzene > 8.8 for p-xylene > 8.4 for m-xylene > 6.7 for o-xylene).
The detection limits obtained for the six aromatic hydrocarbons analyzed, based on 3 times the residual standard deviation for both GC-FID and GC-OF were, respectively, 1.6 and 0.7 ng for benzene, 1.5 and 0.9 ng for toluene, 1.2 and 0.9 ng for ethylbenzene, 1.3 and 0.8 ng for p-xylene, 1.7 and 0.8 ng for m-xylene, and 2.0 and 0.9 ng for o-xylene. These values show that the detection limits for both methods had the same order of magnitude.
In order to test and compare the performance of the proposed method (GC-OF) with GC-FID, ten different concentrations of a standard mixture of aromatic hydrocarbons were determined with both methods. The expected values together with the results obtained by GC-FID and GC-OF are displayed in Fig. 4 .
The In order to test the proposed method for interferences that could be present in the atmospheres of confined areas, especially in industrial environments, the effect of some alcohols (methanol, ethanol, 2-propanol, 1-propanol and 1-butanol) and ether (ethyl ether) on the analytical signal were also evaluated. In fact, every tested compound produced a peak, but in a The potential interferences of CS2 were also evaluated, since this compound has been used as an eluent for the desorption of aromatics from solid sorbent tubes used for sampling. No analytical signal was observed for CS2, suggesting that there are not interactions between this inorganic carbon compound and the sensitive cladding. This result allows us to conclude that CS2 does not interfere with aromatics analysis. In conclusion, none of the above-mentioned compounds exhibit any interference in the analytical signal.
Conclusion
The analytical performances obtained for the GC-FID and GC-OF methods were similar in terms of the analytical time (around 13 min for both methods) and the analytical error (lower than 9.0 ¥ 10 -4 mg). However GC-OF compares much more favorably with GC-FID for the speciation of aromatic hydrocarbons in confined areas, not only due to the lower cost of equipment and lower safety requirements, but also due to the low running costs, high portability and ease of assemblage in actual confined industrial environments.
